Background: Many studies analyzing K-Ras function rely on overexpression. Results: Knock-out and knock-in of endogenous mutant K-ras have modest effects on downstream signaling but strong effects on gene expression and transformation. Conclusion: Genomic manipulation allows physiological determination of WT and mutant K-Ras consequences. Significance: Gene expression patterns can be used to monitor inhibition of mutant K-Ras.
To assess the consequences of endogenous mutant K-Ras, we analyzed the signaling and biological properties of a small panel of isogenic cell lines. These include the cancer cell lines DLD1, HCT116, and Hec1A, in which either the WT or mutant K-ras allele has been disrupted, and SW48 colorectal cancer cells and human mammary epithelial cells in which a single copy of mutant K-ras was introduced at its endogenous genomic locus. We find that single copy mutant K-Ras causes surprisingly modest activation of downstream signaling to ERK and Akt. In contrast, a negative feedback signaling loop to EGFR and N-Ras occurs in some, but not all, of these cell lines. Mutant K-Ras also had relatively minor effects on cell proliferation and cell migration but more dramatic effects on cell transformation as assessed by growth in soft agar. Surprisingly, knock-out of the wild type K-ras allele consistently increased growth in soft agar, suggesting tumor-suppressive properties of this gene under these conditions. Finally, we examined the effects of single copy mutant K-Ras on global gene expression. Although transcriptional programs triggered by mutant K-Ras were generally quite distinct in the different cell lines, there was a small number of genes that were consistently overexpressed, and these could be used to monitor K-Ras inhibition in a panel of human tumor cell lines. We conclude that there are conserved components of mutant K-Ras signaling and phenotypes but that many depend on cell context and environmental cues.
Ras was one of the first human oncogenes to be discovered and remains one of the most frequently mutated genes across multiple human tumors. Ras is a small membrane-bound GTPbinding protein that recruits effector proteins such as Raf, phosphoinositide 3-kinase, and RalGDS when bound to GTP, resulting in activation of these proteins and their downstream signaling events. Activation of Ras causes a wide variety of biological consequences depending on the cell type and stimuli, including increased cell growth, proliferation, survival, differentiation, and morphogenesis. Ras is able to hydrolyze GTP to GDP, resulting in its self-inactivation, although this process is slow and is accelerated by a family of proteins termed GTPaseactivating proteins (GAPs). Intrinsic exchange of GDP to GTP is also quite slow, and this process is accelerated by a family of proteins termed guanine nucleotide exchange factors (GEFs). Through the regulation of GAP and GEF activities, the GTP levels of Ras proteins are carefully adjusted depending on environmental conditions, resulting in the maintenance of appropriate cellular homeostasis. Mutations of Ras that occur in human tumors disrupt this process by preventing both intrinsic and GAP-mediated hydrolysis, causing constitutive GTP association and uncontrolled signaling and proliferation (for review, see Ref. 1) .
Three ras genes are frequently mutated in human tumors, with characteristic frequencies in different tissues. H-ras is mutated in bladder cancer (ϳ10%) and salivary gland tumors (ϳ15%), N-ras is mutated in melanoma (ϳ20%) and hematopoietic tumors (ϳ15%), and K-ras is predominantly mutated in pancreatic ductal adenocarcinoma (ϳ60%), colorectal cancer (ϳ30%), non-small cell lung adenocarcinoma (ϳ20%), and endometrial cancer (ϳ15%) (frequencies as documented on the Sanger Center COSMIC website). ras mutations can be both prognostic for overall poor survival (2) , as well as predictive for lack of response to chemotherapy and targeted therapies (3) , showing the clinical importance of this gene. Genetically engineered mouse models have also confirmed that a single point mutation in K-ras or N-ras expressed in the relevant tissue is sufficient to develop disease that strongly resembles human tumors (4 -6) .
In addition to the well described pro-tumorigenic effects of mutant Ras alleles, there is some suggestive evidence that the wild type (WT) copy of Ras may possess tumor-suppressive effects. This was first noticed when mice expressing one copy of K-Ras generated more and larger lung tumors following chemical carcinogen treatment than mice expressing both alleles (7) . A tumor-suppressive effect for N-Ras has also been noted in some mouse tumor models although this seems to be context-dependent (for review, see Ref. 8) . Such a tumor-suppressive effect of WT Ras alleles is not as well characterized in human cancers.
The ability of mutant ras genes to activate downstream signaling pathways that contribute to cell transformation is mostly undisputed, although almost all of the studies drawing this conclusion have been performed using model systems that vastly overexpress the mutant ras gene, usually involving H-Ras. However, it has more recently become clear that overexpression of mutant ras has qualitatively different consequences compared with single copy gene mutations that presumably arise during the early stages of human tumorigenesis and that cell type also plays an important role in determining cellular responses. For example, overexpression of HRasV12 in immortalized mouse NIH3T3 cells causes transformation associated with activation of Raf and PI3K pathways (9) , whereas overexpression of HRas in normal fibroblasts causes a senescent-like cell cycle arrest (10) . In contrast, knock-in of a single copy of mutant K-ras into nontransformed mouse or human cells causes only very modest consequences on downstream signaling (11) (12) (13) (14) . The consequences on cell transformation (15) or tumor formation (11, 12) can also be surprisingly mild in the absence of additional genetic alterations. Moreover, the assumption of the strong transforming potential of mutant Ras needs to be reassessed in light of recent discoveries that certain developmental disorders such as Costello syndrome, cardiofacial cutaneous syndrome, and Noonans syndrome are caused by germ line-activating mutations in ras (for review, see Ref. 16) .
In this study, we examined the consequences of single copy K-ras mutations in the context of human cancer cell lines, as well as in immortalized but nontransformed human mammary epithelial cells (HMECs). 2 We utilized cell line derivatives in which the mutant or WT K-ras alleles had been deleted using targeted homologous recombination, or in which a single copy of mutant K-ras had been introduced using the same technology. We found that although mutant K-Ras has strong effects on cellular RasGTP levels, it has surprisingly mild consequences on downstream signaling through Raf and PI3K pathways. Mutant K-Ras is also able to initiate negative feedback signaling to the EGF receptor, which may have relevance in the response of K-Ras mutant tumors to EGFR inhibitors. Despite mild consequences on cellular signaling, flux through these pathways is likely altered as demonstrated by robust regulation of a small number of genes that seem to be consistently up-regulated by mutant K-Ras. We also demonstrate that the WT K-Ras allele may behave in a tumor-suppressive manner in the cancer cell lines analyzed.
EXPERIMENTAL PROCEDURES
Cell Culture and Lysate Preparation-Hec1A, HCT116, and SW48 cells were cultured in McCoy's 5A (Invitrogen) with 10% FBS and 2 mM L-glutamine. DLD1 cells were grown in RPMI 1640 medium with 10% FBS and 2 mM L-glutamine, and HMECs were cultured in 50:50 DMEM/F12 with 10% FBS, 20 ng/ml EGF, 0.01 mg/ml insulin, 500 ng/ml hydrocortisone, and 2 mM L-glutamine. Cells were cultured in a 37C/5% CO 2 incubator. For standard Western blotting and immunoprecipitations, cells were harvested in radioimmuneprecipitation assay buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 0.1% SDS) with Complete Protease Inhibitor (Roche Applied Science) and Phosphatase Inhibitor Mixture II (Sigma). For Ras binding domain (RBD) pulldown experiments, cells were harvested in 1ϫ MgCl buffer (Millipore) with Complete Protease Inhibitor.
siRNA Transfections-Cells were grown to 80% confluence in 10-cm dishes and transfected with nontargeting control or K-Ras OTP siRNAs (Dharmacon). Briefly, 900 pmol of siRNA and 20 l of RNAiMax (Invitrogen) were diluted separately in 1.5 ml of OptiMEM each. The siRNA and lipid were then mixed together and incubated for 20 min at room temperature. The complexes (3 ml) were added to the cells and incubated for 72 h.
Immunoprecipitations/Immunoblots-To check for siRNA silencing of Ras, 2.5 mg of lysate was incubated with 10 l of Pan Ras antibody EP1125Y (Millipore 04-1039) at 4 ºC overnight. 50 l of protein A bead slurry was then added and incubated for 2 h at 4 ºC with rotation. Beads were washed three times with lysis buffer and resuspended in sample buffer. RBD pulldowns were performed using a Ras Activation Assay kit (Millipore 17-218) according to the manufacturer's protocol. Western blot samples were run on 4 -20% Tris-glycine gels and transferred to PVDF membranes using the iBlot system (Invitrogen). Pan Ras immunoprecipitations were blotted for K-Ras (Santa Cruz sc-30). RBD immunoprecipitations were blotted for Pan Ras (Millipore 05-516), H-Ras, N-Ras, and K-Ras (Santa Cruz sc-29, sc-31, and sc-30, respectively). Cell lysates were also blotted for pERK (Cell Signaling 9101s), pAkt (Cell Signaling 9271s), pCbl (Cell Signaling 3555s), pEGFR-Y1125 (Abgent AP3376a), pEGFR-Y1069 (Upstate 07-715), total EGFR (Cell Signaling 4405s), total Cbl (Cell Signaling 2179s), ␤-actin (Sigma A2228), total Ras (Millipore 05-516), total ERK (Cell Signaling 9102s), and total Akt (Cell Signaling 4685s). In specified experiments, cells were treated with GDC0941 (Fisher RG007-25MG) or PD0325901 (Fisher RP02-10MG) diluted in dimethyl sulfoxide.
Soft Agar Assays-Base agar layer was prepared by mixing equal parts 2ϫ medium ϩ 20% FBS with 2.4% agarose. 1 ml of this base agar was then added to each well of a 12-well tissue culture plate (Grenier) and placed in a 4 ºC refrigerator to cool. Cells were trypsinized and counted, then diluted to 5000 cells/ 333 l of 1ϫ medium ϩ 10% FBS. A 1:1 mixture of 2ϫ medium ϩ 20% FBS and 2.4% agarose was then prepared, and 667 l was added to the cells, for a final agarose concentration of 0.8% in the cell layer. 1 ml of cell mixture was then pipetted on top of the base agar layer and placed at 4 ºC for 15 min to cool. The plates were placed in a 37 ºC/5% CO 2 incubator overnight, and 1 ml of medium was added on top of the cell layer the next day. These assays were set up in triplicate.
Exome Alignment and Variant Calling-Illumina fastq reads were mapped to the UCSC human reference genome (GRCh37/ hg19) using BWA (17) set to default parameters. Duplicate marking, local realignment, and variant calling was done as described previously (18) . Variants included in dbSNP Build 131 (19) that were also absent in COSMIC v56 (20) were excluded.
Proliferation/Migration Assays-For proliferation assays, cells were trypsinized, counted, and plated at 2500 or 5000 cells in 150 l/well, in a 96-well clear-bottomed black tissue culture plate (BD Falcon). Cells were left to proliferate over 7 days in an Incucyte instrument, which calculates cell density over specified intervals.
For migration assays, cells were plated the night before at 50,000 cells/well in a fibronectin-or collagen-coated ImageLock 96-well plate (Essen Bioscience). Cells were grown to confluence, then a wound was created using the WoundMaker apparatus (Essen Bioscience) according to the manufacturer's recommended protocol. The cells were then washed twice with PBS and medium replaced to 100 l. Plates were imaged over 24 h at 2-h intervals.
Taqman Assays-RNA was isolated from cells using the RNeasy kit (Qiagen 74106), and cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems 4368814). Taqman assays were set up in multiplex, using GAPDH as the endogenous control. The target probes (DUSP5, DUSP6, ETV1, ETV5, NT5E, UPP1, K-ras, and IER3) were tagged with FAM dye. Assays were run in 384-well format, using 20 ng of input cDNA/reaction.
Additional procedures are described in the supplemental Materials and Methods.
RESULTS
To assess the contribution of single copy K-Ras mutations across multiple cell lines, we analyzed three previously published tumor cell lines in which the wild type or mutant K-ras allele was disrupted by homologous recombination. These cell lines are the colorectal cancer lines DLD1 and HCT116 (21, 22) , which express heterozygous G13D mutations, and the endometrial cancer line Hec1A (23), which expresses a heterozygous G12D mutation. In addition, we also analyzed two cell lines in which a single copy of G13D mutant K-ras was introduced at its endogenous locus, a colorectal cancer cell line SW48 which evolved in the absence of mutant Ras, and nontransformed but immortalized HMECs (15) . Whole genome copy number analysis shows that for the lines analyzed (DLD1 and Hec1A), although not truly "isogenic," there are only very few and relatively minor differences at the chromosomal level between the parental lines and their isogenic derivatives (supplemental Fig.  1 ).
First we assessed the levels of RasGTP in these cell lines growing in 10% FBS, under starved conditions, and following short term stimulation with EGF. The RBD of cRaf was used as an affinity probe for RasGTP, as described previously (24) . In all cases, knock-out and knock-in of mutant K-Ras decreased and increased KRasGTP levels, respectively (Fig. 1A) . Interestingly, the presence or absence of mutant K-Ras affected NRasGTP levels; in HCT116 and SW48 cells, the presence of mutant K-Ras was associated with increased NRasGTP levels. This could be due to the previously described positive feedback loop caused by allosteric activation of the Ras exchange factor sos (25) . In contrast, in Hec1A, HMECs, and to a lesser extent DLD1 cells, the presence of mutant K-Ras was associated with decreased NRasGTP levels, suggesting the presence of a negative feedback loop. We also analyzed the levels of HRasGTP using the same approach, but we did not detect any H-Ras present in the RBD pulldowns under the conditions tested (data not shown).
The effects of mutant K-Ras on downstream signaling to ERK and Akt were examined next. In contrast to the dramatic effects FIGURE 1. Consequences of mutant K-ras knock-out and knock-in on RasGTP levels and downstream signaling. A, cell lines of the indicated genotypes were grown in 10% FBS, serum-starved for 18 h, or stimulated for 10 min with 100 ng/ml EGF. RasGTP was affinity-purified from 2.5 mg of cell lysate using GST-Raf-RBD and analyzed by Western blotting with Ras isoform-specific antibodies. In addition, 40 g of lysate was used for Western blotting for total Ras protein. B, the indicated cell lines were treated as above, and 40 g of protein lysates separated by SDS-PAGE and analyzed by Western blotting with anti-phospho-ERK, phospho-Akt, total ERK, total Akt, and ␤-actin antibodies.
on KRasGTP levels, the presence or absence of mutant K-Ras had very modest effects on ERK and Akt phosphorylation, under conditions of either basal proliferation in 10% FBS, serum starvation, or acute stimulation with EGF (Fig. 1B) . Hec1A cells lacking mutant K-Ras actually showed slightly increased phosphorylation of these proteins following EGF stimulation, a paradoxical observation previously noted by Waldman and colleagues (23) .
To better understand the impact of single copy mutant K-Ras on cell signaling, we performed a global phosphotyrosine analysis in the Hec1A G12D/Ϫ and Hec1A Ϫ/WT derivative cell lines using Epitome phosphotyrosine arrays. Similar to the effects seen by Western blot analysis, EGF-stimulated ERK1 and ERK2 phosphorylation was higher in the KRasG12D-deleted cells (supplemental Fig. 2A ). The most dramatically altered proteins between these cell lines were EGFR and its downstream substrate Cbl (Fig. 2A) . Both of these proteins showed increased phosphorylation in response to EGF in the mutant K-Ras knock-out clones compared with the WT K-Ras knock-out clone. We confirmed these results by Western blot analysis (Fig. 2B) , which also analyzed the individual phosphorylation sites, Tyr-1125 (a Grb2 binding site) and Tyr-1069 (a Cbl binding site). To determine whether the inhibitory effect of mutant K-Ras on EGFR phosphorylation was a general phenomenon, we examined the additional cell lines for basal and stimulated EGFR and Cbl phosphorylation. DLD1 cells lacking mutant K-Ras also showed increased EGFR phosphorylation at Tyr-1125, even as total EGFR levels were decreased in this cell line derivative (Fig. 2B) . In addition, Cbl also showed increased phosphorylation in the K-Ras knock-out DLD1 lines, although this was more apparent under basal or starved conditions (Fig.  2B) . HMECs expressing mutant K-Ras also showed decreased EGFR phosphorylation (Fig. 2C) . Increased EGFR phosphorylation was also seen in independently derived Hec1A WT and mutant K-Ras knock-out clones (supplemental Fig. 2B ), showing that these effects are not due to clonal artifacts. However, neither HCT116 nor SW48 cell isogenic lines showed any obvious differences in EGFR or Cbl phosphorylation in the K-Ras knock-out or knock-in derivative cell lines (supplemental Fig. 2,  C and D) . Therefore, mutant K-Ras negatively regulates EGFR phosphorylation, as well as NRasGTP levels, in some cell lines.
To test the hypothesis that signaling downstream of mutant K-Ras might be responsible for suppressing EGF-induced EGFR phosphorylation, we utilized small molecule inhibitors of MEK and PI3K in the mutant K-Ras-expressing cells. Fig. 3A shows that PD0325901 was able to dramatically increase the response to EGF in the mut/WT and mut/Ϫ Hec1A and DLD1 cells. A smaller increase was also seen with GDC-0941. PD0325901 also increased EGFR phosphorylation in the Hec1A Ϫ/WT cell line, although this was not seen with GDC-0941 or by either compound in the DLD Ϫ/WT cells. Interestingly, NRasGTP levels were also increased with these inhibitors, suggesting a mechanistic link between EGFR phosphorylation and NRasGTP levels. To determine the nature of mutant K-Ras-induced EGFR inhibition, we asked whether conditioned media from mut/Ϫ cells could inhibit EGFR phosphorylation in Ϫ/WT cells. Supplemental Fig. 3 shows that there is a slight inhibition of EGFR phosphorylation in cells in Hec1A Ϫ/WT cells using conditioned media from Hec1A mut/Ϫ cells, but not in the Mutant Ras-dependent Signaling and Gene Expression similar DLD1 cell conditioned media swap. These results suggest that activation of ERK downstream of mutant K-Ras results in a signal that antagonizes response to EGF, which is partially (for Hec1A cells) as a result of a secreted factor. The use of a cytokine array did not help to clarify which secreted factor might be responsible for this (data not shown).
We next examined the effects of endogenous mutant K-Ras on cellular phenotypes. Cell proliferation was not dramatically affected in any of the cell lines examined, although DLD1 Ϫ/WT cells showed slightly decreased proliferation relative to parental and DLD1 G12D/Ϫ clones, and SW48 cells showed slightly increased proliferation when mutant K-Ras was introduced (Fig. 4A) . We then analyzed cell migration using a classic scratch wound-healing assay. DLD1 isogenic cell lines cells showed little consistent differences in cell migration, whereas Hec1A cells showed a slight decrease in migration upon loss of the mutant K-ras allele, but increased migration upon loss of the WT K-ras allele. Knock-in of mutant K-ras strongly decreased the migration of HMECs, which showed the fastest migration capacity of the cell types examined, with the wound being completely closed in 20 h (Fig. 4B) . The migration of SW48 and HCT116 cells could not be assessed using this assay, as HCT116 cells did not remain attached to the plate during the wound-making process, and SW48 cells did not form a sufficiently confluent monolayer.
We analyzed the transforming capacity of these cell lines using anchorage-independent growth in soft agar. As expected, and as previously reported, deletion of the mutant K-ras allele strongly decreased the number of colonies in soft agar in DLD1, HCT116, and Hec1A cells (Fig. 4C) . There was also a modest increase in the number of colonies in the HMECs expressing mutant K-Ras, although the number of colonies in this line was lower than seen in the cancer cell lines. Interestingly, the number of colonies was significantly increased in all three cell lines lacking the wild type K-ras allele. SW48 cells did not form colonies under these conditions in our hands.
To attempt to understand why deletion of the WT K-ras allele could enhance soft agar growth, we compared the signaling pathways affected by this in Hec1A and HCT116 cells, the cells that were most dramatically affected in this assay. Supplemental Fig. 4 shows that of 45 phosphorylation sites on signaling proteins, only P-ERK (in Hec1A cells) and P-Akt (in HCT116 cells) showed any differences. To determine the frequency of WT K-ras allele loss in human tumor cell lines, we assessed the K-ras mutant allele frequency in a panel of 624 cell lines which had been subjected to exome-capture and deep sequencing. 3 Of 130 cell lines with KRas variants, 35 showed KRas variant DNA read frequencies consistent with homozygous mutant K-ras status (Table 1) . Moreover, even human tumor cell lines classified as heterozygous for mutant K-ras DNA frequently showed preferential expression of the mutant K-ras allele, as assessed by combined exome-seq and RNAseq analysis (Fig. 5) . Combined, these data suggest that there is selective pressure to lose or reduce expression of the WT K-ras allele, at least in human cancer cell lines.
To address whether the signaling and phenotypic consequences of chronic loss of mutant K-ras are contributed by either clonal anomalies or long term adaptation, we also analyzed the effects of short term K-Ras knockdown using siRNA. Knockdown of K-Ras (WT and mutant) in these cell lines showed similar modest effects on ERK and/or Akt phosphorylation in the basal and starved settings (Fig. 6, A-C) . Interestingly, the increased EGFR phosphorylation seen in the K-Ras knock-out DLD1 and Hec1A cells was also seen following K-Ras knockdown, although the magnitude of this effect was diminished (Fig. 6, A and C) . Transient knockdown of K-Ras in HCT116 cells also increased EGFR phosphorylation, despite incomplete knockdown efficiency in this cell line (Fig. 6B) . The effects of K-Ras knockdown on proliferation and migration were also assessed. K-Ras knockdown had little effect on proliferation in any cell line (supplemental Fig. 5A ), similar to the results with the mutant K-Ras knock-out derivatives. Knockdown of K-Ras in DLD1 cells had little effect on migration, whereas K-Ras knockdown decreased migration of Hec1A cells (supplemental Fig. 5B ).
We then asked whether a combined analysis of K-Ras isogenic cell lines could be used to identify genes that are commonly regulated by mutant K-Ras expression. We profiled the Hec1A, DLD1, and SW48 isogenic cell lines on Affymetrix human genome U133 Plus microarrays. Knockout or knock-in of K-ras did not have strong effects on global gene expression, cell lines clustered by parental cell line and not K-Ras genotype (Fig. 7A) . Analysis of multiple individual clones of the same genotype (only performed for Hec1A cells) showed that there were only small differences that could be attributed to clone-specific alterations and that independent genotypically matched lines clustered together.
Interestingly, WT K-ras-deleted lines clustered more closely to parental cell lines than mutant Kras-deleted lines, suggesting that in each cell line the mutant KRas allele has a stronger effect on global gene expression than the WT allele. The lists of genes affected by mutant K-Ras expression in these three cell lines are shown in supplemental Table 1 . In general, the spectrum of genes regulated by the presence or absence of mutant K-Ras in the three different cell lines was quite distinct, as seen by overlaying the most significant upand down-regulated genes from DLD1 cells onto Volcano 
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plots of gene expression in the three cell lines (Fig. 7B ). Similar disparate observations were also seen with the up-and down-regulated genes from Hec1A and SW48 cells (supplemental Fig. 6 ). Nevertheless, we searched for genes that displayed common regulation in response to mutant K-Ras and found two genes (NT5E and ETV1) that were commonly upregulated by mutant K-Ras in all three cell lines (Fig. 7C ). We also found several genes that were commonly up-regulated by mutant K-Ras in Hec1A and DLD1 cells, including ETV5, UPP1, IER3, DUSP5, and DUSP6. We confirmed the mutant K-Ras-dependent regulation of these genes by Taqman analysis in these cell lines (Fig. 8A) . All genes showed similar regulation by Taqman compared with the array; in addition although IER3, ETV5, and UPP1 were not identified as up-regulated by mutant K-Ras in SW48 cells by microarray, they did show up-regulation by Taqman. We next asked whether these genes could more generally be used as markers for K-Ras inhibition in a panel of K-Ras mutant cell lines and additionally asked whether they were also affected by K-Ras knockdown in WT K-Ras cell lines. K-Ras siRNA effectively decreased K-Ras expression in all of the lines examined (although knockdown was modest in HupT3 and HT55 cells) and decreased P-ERK in the mutant K-Ras-expressing cell lines (Fig. 8B) . P-ERK was not affected in the K-Ras WT cell lines, nor was P-Akt decreased in any cell line. The basal expression of these genes in this panel of cell lines did not correlate with mutant K-Ras status (data not shown). However, all of the mutant K-Ras-specific genes identified from the isogenic cell lines were generally decreased following K-Ras knockdown in the mutant K-Ras-expressing cell lines. In contrast, their expression in the WT K-Ras cells was much less affected, confirming their usefulness as general markers for inhibition of mutant K-Ras signaling (supplemental Fig. 7 and summarized in Fig. 8C ). This effect was statistically significant for all genes apart from ETV1, which had low/undetectable expression in this experiment in two cell lines.
To determine whether any of the genes induced by mutant K-Ras contributes to its transformation properties, we knocked down ETV1 and NT5E using siRNA pools in the same panel of 11 cell lines, and monitored proliferation in the second dimension on plastic and in the third dimension in hanging drop cultures (26) . Knockdown relative to a nontargeting control is shown in supplemental Fig. 8 , A-C. Whereas K-Ras knockdown inhibited proliferation in both the second and third dimensions selectively in the mutant K-Ras-expressing cell lines, there was little selective inhibition of proliferation following knockdown of either NT5E or ETV1 (supplemental Fig. 8, D and E).
DISCUSSION
K-Ras is widely recognized as an important human oncogene that is mutated in a large percentage of human epithelial tumors. However, most of the analyses of the cellular consequences of Ras expression have been performed using overexpression studies, often using H-Ras, and frequently using cell types that are either mesenchymal or murine. In this study, we have documented the effects of the endogenous mutated K-ras allele, using cell line derivatives generated by homologous recombination targeting. These studies have demonstrated that there are both common phenotypes to mutant K-Ras expression across multiple cell lines, as well as consequences that are unique to the cell line, and therefore likely also unique to the tumor tissue from which these were originally derived. The use of isogenic cell lines has several advantages over commonly utilized overexpression and knockdown approaches. Overexpression of mutant ras alleles results in a senescent-like phenotype that has been attributed to increased production of reactive oxygen species and associated stresses (27, 28) and is likely unrelated to the normal functions of single copy mutant ras, which results in tumor initiation without senescence (11) . The use of RNAi against ras (similar to any gene knockdown) is problematic due to incomplete knockdown and the possibility of off-target effects associated with siRNA or shRNA sequences. Moreover, subtleties associated with activities of the remaining WT allele would also not be revealed using a conventional knockdown approach. The concerns of artifactual results due to cell line selection and clonal anomalies were partially alleviated in this study by the use of multiple clones (where available) and the use of transient knockdown to show similar effects on signaling and biological phenotypes.
One common consequence of mutant K-ras deletion was the detrimental effects on soft agar colony growth, an often used surrogate assay for tumorigenesis. This shows that, even with the multitude of genetic alterations present in these cell lines, deletion of a single allele has substantial effects on transformation. In contrast to the strong effect in transformation assays, deletion of mutant K-ras has mild or nonexistent effects on cell proliferation under the conditions assessed. This is unlikely to be a trait selected for during the generation of these lines, as knockdown of K-Ras in the parental lines also had only modest effects on cell proliferation. Recently, there has been an appreciation that K-Ras mutant cell lines vary in their response to K-Ras knockdown, with some cell lines showing a strong decrease in cell number due to enhanced apoptosis and/or (29, 30) . In these published studies, Hec1 (of which Hec1A is a derivative), HCT116, and DLD1 cells were all predicted and empirically shown to be insensitive to K-Ras knockdown in proliferation assays, consistent with the data shown here. It perhaps is not surprising that the isogenic K-Ras lines that exist are "insensitive," as K-Ras-"sensitive" lines would likely be unable to expand following deletion of the mutant allele. Nevertheless, we would suggest that even though a cell line is classified as Ras-independent by proliferation criteria, it remains Ras-dependent by more stringent growth conditions that may more closely reflect the tumor environment. 
Mutant Ras-dependent Signaling and Gene Expression
One aspect of mutant K-Ras signaling that was common to some, but not all, of the cell lines studied here, was the crosstalk between K-Ras and N-Ras. This was most dramatically seen in the Hec1A cells and HMECs, but was also seen in DLD1 cells to a lesser extent. This also correlated with the ability of mutant K-Ras to down-regulate EGFR phosphorylation, an observation also recently made by in lung cancer cell lines (31) and in colorectal cancer cell lines (32) . This could explain the relatively mild effects on downstream signaling in the different cell lines upon mutant K-ras deletion or expression, i.e. increased NRas-GTP might compensate for the loss of KRasGTP and in the case of Hec1A cells, could explain the paradoxical increase in EGFstimulated ERK phosphorylation upon mutant K-ras deletion. This observation may also contribute to the lack of effect of EGFR inhibitors in mutant K-Ras lung and colorectal tumor patients (33, 34) . Although activated Ras could maintain downstream signaling in the presence of EGFR inhibition, it could also shut off EGFR signaling in these tumors, rendering them independent of EGF and therefore refractory to EGFR inhibition. Here we show that the decreased EGFR phosphorylation and NRasGTP levels in mutant K-Ras-expressing cell lines are largely due to negative feedback initiated by MEK signaling. This could be mediated, at least in part, by production of secreted factors that antagonize EGF-dependent signaling, although we were unable to define the exact factor that causes this.
Deletion or introduction of mutant K-ras caused surprisingly diverse effects on gene expression, showing that mutant K-Ras has specific functions depending on the tissue in which it is expressed. There have previously been several publications using "Ras gene signatures" to classify human tumors. Sweet- (37) used single copy K-Ras knock-in in mouse liver progenitor cells to derive 149 genes that were up-regulated upon this condition. Mutant K-Ras results in highly divergent consequences in different tissues and environments, as exemplified by the fact that only a single gene (DUSP6) is in common among these three sets of signatures. Although the approach used here to identify mutant K-Ras-regulated genes is likely no better or no worse, it confirms that only a small number of genes are consistently altered by mutant K-Ras. Notably, the seven genes identified and validated in this study have all been found associated with Ras expression or signaling in previous studies; DUSP6, DUSP5 (36, 38) , NT5E, ETV1 (39) , IER3 (36, 39) , UPP1 (36, 40) , and ETV5 (39, 41) . The functions of these genes are quite diverse and represent mechanisms involved in negative feedback signaling (DUSP5 and 6), nucleoside metabolism (NT5E and UPP), transcriptional responses activated downstream of ERK signaling (ETV1 and ETV5), and protection from apoptosis (IER3). Knockdown of NT5E has previously been shown to decrease transformation properties of K-Ras mutant MDA-MB-231 cells (42) . Although knockdown of NT5E did decrease proliferation in the second and third dimensions in K-Ras mutant A427 cells, there was no statistically significant correlation between the effects in mutant versus WT K-Ras cells (supplemental Fig. 6 ). It is likely that K-Ras uses multiple target genes to fully elicit transformation properties. JANUARY 25, 2013 • VOLUME 288 • NUMBER 4
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The increased transformation properties of Hec1A, HCT116, and DLD1 cells lacking the WT K-ras allele was unexpected but is reminiscent of studies in mice suggesting that the WT K-ras allele can display tumor-suppressive effects. This was first demonstrated in chemical carcinogen-induced tumors that result in K-ras mutation, that were more aggressive when one copy of K-ras was deleted in the germ line (7) . Loss of the wild type K-ras allele was also recently observed in high grade, but not low grade lung tumors driven by conditional mutant K-Ras (43) Cells lines were treated as in (A), but 50,000 cells plated into 96 well dishes 36 h after transfection. The following day, the cell monolayer was scratched, and wound closure followed over the next 24 hours using an Incucyte instrument. The left hand panel shows the % wound closure measured at 2 h intervals, and the right hand panels show images of the wound at 0 and 24 h. Figure 6 . Genes that were regulated by mutant KRas in Hec1A cells (top plots) or SW48 cells (lower plots) were overlaid onto all genes differentially regulated by mutant KRas in DLD1 cells (left hand plots), Hec1A cells (middle plots) and SW48 cells (right hand plots). Figure 7 . RNA was purified from the indicated cell lines treated with NTC or KRas siRNA, and subjected to Taqman Q-PCR analysis using the indicated probes. Gene expression of KRas siRNA treated cells is shown normalized to expression seen by NTC. ND=not detectable. Figure 8 . The indicated cell lines were transfected with pooled siRNAs against a non-targeted control and either KRas (A), NT5E (B) or ETV1 (C). Expression was normalized to GAPDH and is depicted in each case relative to the control oligos. Values are the means +/-StdDev (n=3), and values of 0 are when the target gene could not be amplified. (D,E) The indicated cells lines were transfected with either NTC, KRas, NT5E or ETV1 siRNA pools, and then subjected to 2D or 3D proliferation assays 3 days later. After a further 3 days viability was then measured using cell titer glow. Table 1 . Genes differentially regulated by mutant KRas in DLD1, Hec1A and SW48 cells. Different tabs show genes regulated by KRas in the indicated cell lines, as well as those commonly regulated between cell lines, which were used to generate the Venn diagram shown in Fig. 5C . 
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